Abstract: Effects of the spin orbit-force on hadronic systems with strangeness or charm are investigated by a valence quark model with the instanton-induced interaction. By introducing this interaction, the spin-orbit splittings in the negative-parity hyperons becomes 0.14 -0.37 times smaller. The flavor-octet baryon mass spectrum and the splittings in the charmed baryons become consistent with the experiments. Though the splitting is also reduced in the flavor-singlet baryons, it still gives two third of the experimental value. The reduction comes from the cancellation between the one-gluon exchange and the instanton-induced interaction, which is channel-specific. In most of the two-baryon channels, the symmetric and antisymmetric spin-orbit force of the YN interaction remains strong after introducing this instanton effect. A few exceptional channels, however, are found where the cancellation affects strongly and the spin-orbit force becomes small.
Introduction
Recent experiments on the systems with strangeness are making great progress. Especially the gamma spectroscopy has identified several gamma transitions, which give us valuable information on the spin part of the ΛN interaction [1] . From the observed levels of Λ-hypernuclei, it is believed that the spin-orbit force between Λ and nucleon is very small comparing to that between two nucleons. It, however, is nontrivial to remove the nuclear effects to extract the interaction. Also, only the combined effect of the symmetric and antisymmetric spin-orbit force can be measured in the hypernuclei. Information on the noncentral parts of the YN interaction has not given directly from experiments yet. The theoretical investigation has been performed mainly by using the empirical YN interactions [2] .
Here we employ a valence quark model to investigate the properties of the spin-orbit force in the strange systems. The quark model with the instanton-induced interaction, which is introduced in this work for the strange systems, is found to have an appropriate size and the channel dependence for the spin-orbit force and therefore will enable us to see its feature from a more fundamental viewpoint.
Valence quark models have been applied to low-energy light-quark systems and found to be successful in reproducing major properties of the hadrons and hadronic systems. These quark models usually contains three terms: the kinetic term, the confinement term, and the effective one-gluon exchange (OGE) term [3, 4, 5, 6, 7, 8] . It is considered that OGE stands for the perturbative gluon effects and that the confinement force represents the long-range nonperturbative gluon effects. We argue that a valence quark model should include the instanton-induced interaction (I I I) as a short-range nonperturbative gluon effect in addition to the other gluon effects [9, 10, 11, 12] .
It is well known that the color magnetic interaction in OGE is responsible to produce many of the hadron properties. By adjusting the strength of OGE, the color magnetic interaction can reproduce the hyperfine splittings (e.g., ground state N-∆ mass difference) as well as the short-range repulsion of the two-nucleon systems in the relative S-wave [4, 5, 6] .
It, however, is also known that the strength of OGE, α s , determined in this empirical way is much larger than 1, which makes it hard to treat it as the perturbative effect.
The QCD instantons were originally introduced in relation to the U A (1) problem. It produces couplings of instantons to the surrounding light-quark zero modes [13, 14] . This leads a flavor-singlet interaction among quarks, which is believed to be an origin of the observed large mass difference of η ′ -η mesons. How these topological gluonic configurations behave in the actual vacuum has not been derived directly from QCD. A few empirical models with such interaction were proposed and found to reproduce the η ′ and η meson masses and their properties [9, 15] . Actually, several recent works indicate that the effects are also large in the baryon sector [9, 10, 11, 12, 16, 17, 18, 19] . For example, the spin-spin part of I I I produces the nucleon-∆ mass difference [9, 16] and the short-range repulsion between the two nucleons [9] as the color magnetic interaction. By introducing I I I we can reduces the empirical strength of OGE, α s [9] . Moreover, LS of I I I contributes the spin-orbit force in an interesting way [11, 12] .
The valence quark model including only OGE as an origin of the spin-spin interaction has a spin-orbit problem. The spin-orbit part of OGE is strong; it is just strong enough to explain the observed large spin-orbit force between two nucleons [6] . On the other hand, the experimental mass spectrum of the excited baryons, N * and ∆ * resonances, indicates that such a strong spin-orbit force should not exist between quarks [20] . A valence quark model in which the spin-orbit parts of the quark interaction are removed by hands can well simulate the observed mass spectrum [4, 5, 21, 22] . To explain both of the spin-orbit features at the same time is highly nontrivial.
In ref. [11] , we demonstrated that introducing I I I may solve the above difficulty in the nonstrange P -wave systems due to the channel-specific cancellation between OGE and I I I.
Since here we consider the spin-orbit force on the P -wave systems, the quark pairs which are orbital-antisymmetric and spin-symmetric, i.e., only the pairs symmetric (or antisymmetric) simultaneously in the flavor and in the color spaces, are relevant. It is found that the contribution from the color-and flavor-symmetric quark pairs dominates in the two-nucleon force, while only color-and flavor-antisymmetric pairs exist in a baryon. Because OGE is vector-particle exchange, and I I I behaves like scalar-particle exchange, the sign of their spin-orbit parts is opposite to each other. Thus, where both of OGE and I I I contribute, namely for the color-and flavor-antisymmetric pairs, LS cancellation occurs. Therefore, it was expected that introducing I I I would explain the strong LS in the two-nucleon systems and weak LS in the negative-parity baryons. In fact, we found such a channel-specific cancellation exists in the nonstrange P -wave systems. By introducing I I I strong enough to
give the η-η ′ mass difference, LS in the single baryons almost vanishes. The above argument based on the symmetry holds even when the system is treated relativistic; we found the additional ρ-space does not change the conclusion qualitatively by employing a bag model.
We also investigated effects of the noncentral parts on the excited nonstrange baryons up to the principal number = 2 and on the two-nucleon systems in a more quantitative way [12] .
The discussion above is for the relative P -wave quark pairs; there is no such a cancellation between relative even pairs in the single baryons. One might wonder that the strong LS reappears in the excited positive baryons. It was found that that LS splittings becomes small even in the positive-parity baryons because major contribution comes from relative P -wave pairs even there. It was also found that LS between the two nucleons remains strong enough so that more realistic model, a quark cluster model, can actually fit the experimental data.
In this paper, we discuss effects of the spin-orbit part of I I I on the negative-parity hyperons and on the two-baryon systems with strangeness.
The negative-parity baryon mass spectrum by the present model shows that there is only weak spin-orbit force between the quarks due to the above cancellation. In the present choice of the parameters, the LS splittings becomes from 0.14 to 0.37 times smaller than that from the model only with OGE. The cancellation also occurs in the flavor-singlet baryons. There, however, seems to remain enough LS force that will give an appropriate splitting with the coupling to the NK channel.
The symmetric and antisymmetric spin-orbit force between two baryons remains strong in most of the channels after introducing I I I as was found in the two-nucleon system, because the cancellation is weak. There, however, are a few exceptional channels where OGE-I I I LS cancellation also gives notable effects: the symmetric spin-orbit force of the NΣ(I = 1/2) and of the NΛ-NΣ channels almost vanishes after introducing I I I.
In section 2, we will explain the model we employed in this paper. The numerical results and discussions are in section 3. Summary are in section 4.
Model
We employed a valence quark model with a non-relativistic inter-quark potential. This model is chosen because the symmetry is clearly seen, and because q 3 systems can be connected directly to q 6 systems, both of which play essential roles in the discussion in this paper.
Interaction
We introduce I I I as a short-range nonperturbative gluon effect in addition to OGE and the confinement potential. The model hamiltonian for quarks can be written as follows [9, 10, 11, 12, 23] :
where V OGE and V III are the Galilei invariant terms of the I I I and OGE potentials. The parameter p III represents the relative strength of the spin-spin part of I I I to OGE. It corresponds to the rate of the contribution from I I I to the S-wave N-∆ mass difference, ∆M N∆ .
When one introduces the interaction strong enough to give the observed η-η ′ mass difference, 408.7 MeV, p III becomes 0.3-0.4 [9, 10] , which corresponds 90 -120 MeV of ∆M N∆ . As we will see later the spectra of the P -wave baryons including the flavor-singlet Λ's and those of Λ c 's also prefer this size of p III .
First, we derive the nonrelativistic potential for I I I. The effective interaction for I I I is [9, 10, 13, 16] :
where
ψ, λ i is the Gell-Mann matrix of the color SU (3) 
where m is the constituent quark mass, and ξ j = m u /m j . Here, however, we take the twobody strength, V
as a parameter determined later by eq. (13), and use the flavor dependence of the strength in the above relation.
At the flavor SU(3) limit, eq. (2) can be rewritten as below [9] . In this form it is more easily seen that this interaction operates only on flavor-antisymmetric quark pairs.
where A f lavor ij
)/2 is the antisymmetrizer in the flavor space.
We perform the nonrelativistic reduction to the lowest non-vanishing order in (p/m) for each operator of different spin structure. The following potential between quarks of different masses is obtained:
Or in a form where the spin-orbit part and antisymmetric spin orbit terms are gathered separately,
where q is the three momentum transfer,
The first line of eq. (8) is the central part, the second is the symmetric spin-orbit part, the third is the antisymmetric spin-orbit part, and the last two lines are the tensor part. The flavor symmetry is not obvious in eq. (8); when m u = m d = m s , however, the interaction vanishes for flavorsymmetric pairs for each central, spin-orbit, and tensor part. The same procedure for the one-gluon exchange (OGE) interaction leads [7, 8, 24 ]
Or,
Note that, with V (2) 0 negative, spin-spin terms of V OGE and V I I I have the same sign while that spin-orbit parts have opposite sign.
The central spin-independent part of the interaction H quark in eq. (1) has the kinetic term, the confinement term, in addition to the central parts of V III and V OGE . Once we restrict the model wave function to be (0s) n−1 (0p) as we will do in this work, however, those central terms only give a constant mass shift for the all the states considered here. Also, we focus our attention to the spin-orbit force and neglect the tensor part of the interaction. We will omit these terms in the followings of this paper.
As we mentioned before, I I I also has a three-body part, which survives only when it operates on a flavor-singlet set of three quarks. Moreover, it vanishes when operates on a color-singlet set of three quarks; namely, there is no contribution for the single baryons considered here. The three-body term may play an important role in two-baryon systems.
In fact, it is reported that contribution of its central part to the H dihyperon is about 50
MeV [10] . Though its spin-orbit part may also contribute to two-baryon systems, we do not consider the term here for simplicity.
Wave functions
The model wave functions employed here are essentially the same as those in the appendix of ref. [12] . For the single baryons, the three valence quarks are taken in the color-singlet state, the orbital wave function is a harmonic oscillator (0s) 2 (0p) with the size parameter b, the spin of three quarks is 1/2 or 3/2. The base wave function of the flavor part is SU(3) singlet, octet, and decuplet, which are mixed when the quark mass difference is introduced. The wave functions in the flavor-octet [21] symmetry in addition to the singlet [1 3 ] symmetry are summarized in table 1. We do not take into account the orbital wave function deformation caused by the quark mass difference nor the interaction.
As for two-baryon systems, we use
where φ i is wave function of the i-th baryon with a gaussian orbital wave function with a size parameter b, ψ 0p is the 0p harmonic oscillator wave function of a size parameter 2/3b, and R = ((r 1 + r 2 + r 3 ) − (r 4 + r 5 + r 6 ))/3. Again we do not take into account the deformation of ψ. The matrix element
corresponds to an adiabatic potential for the two baryons at relative distance, R = 0, and expresses the size of the short-range interaction between the baryons.
Parameters
We use an empirical quark model, which contains several parameters originally. Their values in the non-strange sector are the same as in refs. [6, 9, 10, 11, 12] . The up and down quark mass is 1/3 of the nucleon mass; the size parameter b is taken to be a little smaller than the real nucleon size reflecting that the observed baryon size has contribution from the meson cloud;
are determined to give the ground state N-∆ mass difference ∆M N∆ :
p III is taken to be 0.4, which is consistent with the strength which gives the η ′ -η mass is not very large, so the results do not change much provided that the parameters are taken so that eq. (13) holds.
When we draw the figure to compare the obtained spectrum to the experiments, the kinetic and the central part of the quark interaction, which give an overall mass shift, are substituted by the observed baryon mass average for each strangeness 0, −1 and −2 system. They are weighted by spin and charge degeneracy over the experimentally established ("four stars") octet baryons which corresponds to the P -wave baryons [20] : i. 3 Results and discussions
Single baryons
Our results of mass spectrum of P -wave baryons are summarized in figure 1 . The mass levels expressed by stars (with square blocks if the error ranges are given) are the experimental values [20] . The levels expressed by horizontal bars are results by the present model with p III =0.4: i.e., 40% of the S-wave N-∆ mass difference are originated by I I I. We consider that overall feature of the mass spectrum is reproduced quite well by the present model.
The spin-orbit force becomes weak due to the same reason as the nonstrange negative-parity baryons: OGE-I I I LS cancellation in the relative P -wave quark pairs.
The most remarkable change in the negative-parity single baryon system as the flavor space is extended from SU(2) to SU (3) is that there appear two flavor-singlet states, Λ (1405) and Λ(1520), in addition to other new octet baryons, Λ * , Σ * and Ξ * .
It is a long standing problem whether Λ(1405), which lays below the NK threshold, should be considered as a three-quark state or a bound state of the NK system [20, 25] . Recently,
Isgur pointed out that it should be regarded as a three-quark state, based on the similarity of its mass spectrum to the charmed baryons', Λ c [25] . This problem should be investigated by using a model which handles the three-quark states and the NK system in a consistent way [22, 26] . We, however, use a valence quark model here and examine what can be said from the valence quark picture.
The problem of the flavor-singlet Λ masses in the valence quark model prediction can be summarized into two points: one is that whether one can produce appropriate LS splitting between the two singlet Λ particles, the other is if there is enough splitting between the singlet and the octet Λ particles. The former point is directly related to the theme of this paper. The latter point relates the size of spin-spin interaction, the origin of ∆M N∆ .
In our model the LS strength is governed by p III . The p III dependence of Λ * mass spectrum is shown in figures 2a) and 2b). The figure 2a ) is for the flavor SU (3) We can conclude that this model with p III = 0.4 can give bulk amount of the LS-splitting between the flavor-singlet baryons and that it can be the pole required to explain the low mass of Λ(1405) when the NK channel is introduced [20, 22, 26] .
When m s = m u , the LS-splitting between Λ(1405) and Λ (1520) MeV, is closer to the experiment, 115 MeV. Other difference between these two interaction, which persists at the flavor SU(3) limit, is in the relation between the sizes of the LS splitting of the baryon mass and of the LS force of the two baryon systems and will be discussed in the next subsection.
The mass difference between the nonstrange S-wave octet baryons and the decuplet baryons, i.e., ∆M N∆ , is a fitting parameter in our model, which determines the combined strength of OGE and I I I. The origin of this mass difference is the color magnetic interaction of OGE and the spin-spin interaction of I I I. These terms also produce the octet-decuplet mass difference in the S-wave baryons with strangeness and the octet-decuplet and the singlet-octet mass difference in the P -wave baryons.
The obtained value of the octet-decuplet mass difference of S-wave Σ * particles (Σ (1385) and Σ * ) is 176 MeV in our model while the experimental one is 192 MeV. One can see that the present model can give appropriate size and flavor dependence for this mass difference.
As for the P -wave baryons, the above terms divide the mass levels into three when The nonrelativity of the model is more appropriate for these states; the flavor SU(3), however, is not valid. The charmed baryons is considered as systems of two light quarks and one charm quark rather than the flavor octet or singlet states. The state is more close to the eigenstate of the hamiltonian if they are classified as |α = |ud(spin=0, isospin=0, relative S-wave), c
|β = |ud(spin=1, isospin=0, relative P -wave), c . (15) |α corresponds to the total angular momentum, J = (1/2), (3/2) states while |β corresponds in-between of light and heavy. It seems that as far as the mass of the Λ is concern, we can treat strange quark as a light quark rather than the heavy quark. The effects of the mass difference in the relative momentum, p ij , is included here but it is found to be small and almost indistinguishable in the figure 2b) . Naturally, the charm quark acts more like a heavy quark; the flavor singlet components of Λ c are 0.79 and 0.42 while the components of |α are 0.89 and 0.94, respectively.
The spin-orbit force, which is our main concern in this paper, is a relativistic effect. A relativistic model should be used for the check. As seen in ref. [11] , the same conclusion is derived from the mass levels of negative-parity N* calculated by the bag model as the present non-relativistic model. We expect that the situation is similar for the systems with strange quarks.
Discussion by the symmetry
One of the reasons why valence quark models can be so successful is that the model space has an appropriate symmetry. The mechanism of the LS cancellation, which affects largely in the excited baryons while only at a small extent in the two-nucleon systems, is also clearly seen from the discussion on the symmetry [11, 12] . Such discussion can also be performed for systems with strangeness; which indicates that the situation in the single baryons and most of the strange two-baryon channels is similar to the nonstrange systems. However, there are a few exceptional YN channels, where I I I LS affects as strong as OGE LS.
Let us consider the spin-orbit part of the quark interaction which is color-diagonal and operates on relative P -wave quark pairs. We neglect here the quark mass difference in the relative momentum because it gives very small effects. The interaction can be decomposed as:
where First we consider the system at m u = m s , where only O qSLS , i.e., the (σ + σ) terms, are relevant. The noncentral term of I I I contains only flavor-antisymmetric component,
A , while OGE has both of the components in eq. (16) . Since OGE is vector-particle exchange and I I I is alike to scalar-particle exchange, their spin-orbit term has an opposite sign where both of OGE and I I I exist. Thus, there is a spin-orbit cancellation for color-and flavor-antisymmetric quark pairs. The LS force in a single baryon, which can be obtained by multiplying the entry of the antisymmetric pair in table 3 by the number of quark pairs, three, becomes weak.
We have a new type of spin-orbit force for the two-baryon systems besides the usual LS.
Since isospin of the s-quark is zero, NY 3 P 1 and NY 1 P 1 may have the same isospin; namely, they are mixed by the strong interaction even at the flavor SU(3) limit [27] . The term which causes this mixing is called anti-symmetric spin-orbit force (ALS), and is written by the baryon coordinates as
with the coupling constant g ij = −g ji .
The symmetric spin-orbit force in the quark interaction, qSLS, induces this anti-symmetric spin-orbit force for the baryons, ALS, in addition to the ordinary symmetric spin-orbit force (SLS). ALS derived from the quark interaction does not vanish at the flavor SU(3) limit and can be comparably strong to SLS.
To obtain the spin-orbit force in the two baryon systems, one needs to know the factors in addition to the size of matrix elements for each kind of quark pairs. Coefficients which should be multiplied to the matrix elements in % of the full OGE value, which is much smaller than the present result, about 60 %.
The exceptions are SLS of NΣ(I = 1/2) and NΛ-NΣ channels. The contribution from the color-antisymmetric quark pairs are as large as the symmetric one in these channels, which means that I I I LS gives large effects. The OGE-I I I LS cancellation plays important role there, and the LS force becomes also small similarly to the LS splittings in the single baryons.
The numerical calculation was performed also at m u = m s , where O qALS as well as the quark mass dependence of O qSLS should be taken into account. Actually, the factor of qALS in table 4 is not very small comparing to qSLS. However, the size of the matrix element of one pair is about ten times smaller as seen in table 3. Thus we expect that the results will change only by order of (1 − ξ s ) when the quark mass difference is taken into account, which is confirmed by the numerical calculation.
Two-baryon systems
We investigate U SLS[ALS] (R = 0) defined by eq. (12), the adiabatic potential between the two baryons at zero relative distance. This value is considered to express the strength of the short-range interaction between the two baryons.
The numerical results at ξ s = 1 and 0.6 with and without I I I are listed in Introducing I I I changes the channel dependence of the spin-orbit force. It was reported that if the interaction between baryons holds the flavor SU (3), which corresponds to the p III =0 and ξ s = 1 case here, the channel dependence is determined only by the SU (3) symmetry [27] . The U SLS[ALS] (R) from qSLS at p III =0 and ξ s = 1 or 0.6, were calculated and found to hold the above relation between the channels except for the factor from the norm kernel [27] . Since I I I affects color-and flavor-antisymmetric quark pairs selectively, this relation deviates when I I I is switched on. As we discussed in the previous subsection, there are channels where the contribution from the color-antisymmetric pairs is comparably important to the symmetric ones. In the NΣ(I = 1/2) and the NΛ-NΣ channels, we found that introducing I I I changes actually the relative strength of the spin-orbit force between the baryons considerably.
The adiabatic potential at R > 0 looks like a gaussian with the range of about 1 fm [7, 27] .
Since the potential we are considering here is SLS or ALS between relative P -wave, the potential at R > 0 will be more important. Moreover, when we treat the quarks dynamically by, e.g., a quark cluster model, the potential we should consider between baryons is not the adiabatic one but the RGM potential, which is highly nonlocal [6, 7, 8] . We argue, however, as far as a relative strength of SLS or ALS to the NN SLS is concerned, the conclusion here holds even when one performs more sophisticated calculations.
The ALS term is also in the meson-exchange interaction [27] ; it was found that the tensor couplings of the vector-meson exchange can produce ALS at the flavor SU(3) limit. Its channel dependence is determined by SU (3) . When the SU (3) is broken, various meson exchange produce the ALS term. The meson-induced ALS seems much smaller than that of quarks, though the size of the meson coupling is not well known [27] .
Experimentally, information on the YN spin-orbit force has been given only through the level splittings in Λ hypernuclei. The 9 Λ Be data suggest the NΛ spin-orbit interaction is very small [1] . The level splittings, however, gives only the combined strength of SLS and ALS; the strong SLS and ALS obtained from the quark model may cancels each other. It was reported that the other effect such as the YN tensor interaction may reduce the splitting [2] . More investigations both from the theoretical and experimental sides are necessary to understand the spin properties of the systems with strangeness.
Summary
We investigate the effects of the quark interaction induced from the instanton-light-quark coupling on the spin-orbit force in the negative-parity hyperons mass spectrum and in various relative P -wave two-baryon systems with strangeness. The spin-orbit force of this instantoninduced interaction (I I I) affects only the color-antisymmetric ones among the relative Pwave quark pairs. It cancels the spin-orbit force from the one-gluon exchange (OGE) for those pairs. Thus there is OGE-I I I LS cancellation where the color-antisymmetric pairs play an important role.
We employ a valence quark model where the strength of I I I is determined empirically: its spin-spin part gives 40% of the ground state nucleon-∆ mass difference. The value is consistent with the strength which can give the η ′ -η mass difference. The negative-parity baryon mass spectrum by the present model shows that there is only weak spin-orbit force between the quarks due to the above cancellation. In the present choice of the parameter set, the LS splittings are from 0.14 to 0.37 times smaller than that of the model only with OGE. The splittings in the flavor-octet baryons becomes consistent with the experiments.
The splitting between the flavor-singlet Λ's becomes about two third of the experimental value. There seems to remain enough LS force that it will give an appropriate splitting with the coupling to the NK channel.
Most of the symmetric and the antisymmetric spin-orbit force between two baryons remains strong after introducing I I I as was found in the two-nucleon system, because the color-symmetric quark pairs play an important role there. There, however, are a few exceptional channels where OGE-I I I LS cancellation are also large: as a result, the symmetric spin-orbit force of the NΣ(I = 1/2) and of the NΛ-NΣ channels become small. 
